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Presenilin is an essential gene for development that when disrupted leads to a neurogenic phenotype that closely resembles
Notch loss of function in Drosophila. In humans, many naturally occurring mutations in Presenilin 1 or 2 cause early onset
Alzheimer’s disease. Both loss of expression and overexpression of Presenilin suggested a role for this protein in the
ocalization of Armadillo/b-catenin. In blastoderm stage Presenilin mutants, Arm is aberrantly distributed, often in
Ubiquitin-immunoreactive cytoplasmic inclusions predominantly located basally in the cell. These inclusions were not
observed in loss of function Notch mutants, suggesting that failure to process Notch is not the only consequence of the loss
of Presenilin function. Human presenilin 1 expressed in Drosophila produces embryonic phenotypes resembling those
associated with mutations in Armadillo and exhibited reduced Armadillo at the plasma membrane that is likely due to
retention of Armadillo in a complex with Presenilin. The interaction between Armadillo/b-catenin and Presenilin 1 requires
a third protein which may be d-catenin. Our results suggest that Presenilin may regulate the delivery of a multiprotein
omplex that regulates Armadillo trafficking between the adherens junction and the proteasome. © 2000 Academic Press
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oINTRODUCTION
Presenilin 1 (PS1) is the gene most commonly mutated in
familial Alzheimer’s disease with over 50 different muta-
tions described. All reported mutations lead to an Alzhei-
mer phenotype that is clinically and pathologically indis-
tinguishable from sporadic disease except for the early age
of onset (reviewed in Ray et al., 1998). Mutations in the PS1
paralog PS2 also cause Alzheimer’s disease (AD), although
these are much less frequent. The Presenilins (PS) are
polytopic membrane proteins that undergo endoproteolytic
cleavage into two stable fragments, which remain associ-
ated with each other (Thinakaran et al., 1996). These
roteins are closely linked to an activity called g-secretase
which is responsible for the intramembranous cleavage and
subsequent release of the Ab peptide from the amyloid
precursor protein (APP). Support for linking PS to
g-secretase activity comes from the observed reduction in
secreted Ab in the absence of PS1 (De Strooper et al., 1998),1 These authors contributed equally.
450he total inactivation of the g-secretase activity in cells
which lack both PS1 and PS2 (Herreman et al., 2000; Zhang
et al., 2000), the universal increase in Ab levels in the
presence of presenilin missense mutations (Borchelt et al.,
1996; Citron et al., 1997; Duff et al., 1996; Scheuner et al.,
1996; Tomita et al., 1997; Xia et al., 1997), the requirement
f two PS transmembrane aspartate residues for g-secretase
activity (Wolfe et al., 1998), and transition-state analogue
inhibitors which bind directly and specifically to PS1 het-
erodimers (Esler et al., 2000; Li et al., 2000). The increased
secretion of Ab associated with PS mutations leads to
increased deposition of amyloid found in AD senile plaques
(Lemere et al., 1996; Mann et al., 1996).
PS1 serves a crucial function in vertebrate development
as demonstrated by targeted disruption of the PS genes in
the mouse, which results in an embryonic lethal phenotype
with defects in somite segmentation and differentiation
(Donoviel et al., 1999; Shen et al., 1997; Wong et al., 1997).
This phenotype resembles that observed with loss of the
Notch-1 gene (Conlon et al., 1995; Swiatek et al., 1994).
Likewise, genetic null mutations of the Drosophila PS
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
b
v
e
i
n
f
l
R
m
(
T
(
i
2
m
i
f
c
a
c
t
n
f
(
f
c
b
D
t
a
c
t
e
e
p
g
p
451PS Affects Armadillo Localization and Function(DPS) gene results in a neurogenic defect (Struhl and Green-
wald, 1999; Ye et al., 1999) and in vitro assays (De Strooper
et al., 1999) suggest that an activity associated with Prese-
nilin cleaves Notch to release the intracellular domain
which then translocates to the nucleus. These findings
support earlier suggestions of an interaction between Notch
and PS1 (Levitan and Greenwald, 1995; Ray et al., 1999).
A second family of key developmental proteins, members
of the Arm-repeat family, are also associated with Preseni-
lin (Murayama et al., 1998; Tesco et al., 1998; Yu et al.,
1998; Zhang et al., 1998; Zhou et al., 1997). Armadillo
(Arm)/b-catenin, the prototypical member of this family,
inds to classical cadherins and to the actin cytoskeleton
ia a-catenin to form an adherens junction complex (Aberle
t al., 1994; Oyama et al., 1994). Arm/b-catenin is also
nvolved in the Wnt/Wg cell determination pathway. Sig-
aling via the Wnt/Wg ligand stabilizes b-catenin, allowing
or its translocation to the nucleus bound to T cell factor–
ymphoid enhancer factor (TCF/Lef1) (Brunner et al., 1997;
iese et al., 1997; van de Wetering et al., 1997). Other
embers of the Arm-repeat family also interact with PS1
Levesque et al., 1999; Stahl et al., 1999; Zhou et al., 1997).
hese family members are more distantly related to
b-catenin (Peifer et al., 1994) with only 10 Arm repeats
instead of 13 in the case of b-catenin) and with highly
divergent amino and carboxy terminal extensions flanking
the Arm-repeat domain. One of these interactors, d-catenin,
s expressed specifically in the nervous system (Ho et al.,
000; Zhou et al., 1997) and may contribute to the severe
ental retardation of Cri-du-Chat syndrome when haplo-
nsufficient (Medina et al., 2000). Other members of this
amily include p120ctn (Peifer et al., 1994) and p0071
(Hatzfeld and Nachtsheim, 1996), which has also been
shown to interact with PS1 (Stahl et al., 1999). In contrast
to b-catenin which binds to the extreme carboxy terminus
of several cadherins, members of the p120ctn subfamily
including d-catenin bind to the juxtamembrane region of
the cadherins (Lu et al., 1999; Ozawa and Kemler, 1998; Yap
et al., 1998). It is notable that not all Arm-repeat family
members interact with PS1, as plakoglobin does not inter-
act with PS1 (Levesque et al., 1999). In this study we show
that b-catenin and d-catenin have distinct PS1 binding
haracteristics.
The study of how PS1 mutations may affect the binding
nd function of Arm-repeat family members within the
omplex has generated experimental support for the idea
hat PS mutations may retard b-catenin translocation to the
ucleus (Nishimura et al., 1999) and decrease b-catenin
stability (Zhang et al., 1998). Curiously, PS1 mutations
have also been reported to increase b-catenin stability by
ailing to recruit GSK-3b into the PS1–b-catenin complex
Kang et al., 1999). These conflicting data prompted a search
or an experimental approach in which the functional
onsequences of the interactions with Arm family mem-
ers might be demonstrated. Expression of human PS1 in
rosophila embryos using the GAL-4/UAS expression sys-em revealed specific phenotypes with a common feature:
Copyright © 2000 by Academic Press. All rightll failed to localize Armadillo to the cell membrane and
onsequently manifested severe disorganization of cy-
oskeletal components and cell adhesion defects. When
mbryos derived from females lacking Drosophila PS1 were
xamined, Armadillo was aberrantly localized in Ubiquitin-
ositive cytoplasmic inclusions. These observations sug-
est that regulation of PS1 activity is important for the
roper intracellular localization of Arm.
RESULTS
Loss of Presenilin Affects Localization
of Armadillo/b-Catenin
To investigate the functional significance of the previ-
ously reported association between PS and b-catenin, local-
ization of Arm in embryos derived from females with DPS
homozygous mutant germlines were examined. These em-
bryos, referred to as “DPS mutant embryos” develop in the
complete absence of maternally contributed DPS mRNA
and therefore lack DPS protein during early developmental
stages. At the cellular blastoderm stage in wild-type em-
bryos, Arm is apically localized at the membrane outlining
the hexagonal array of cells (Fig. 1A). At a similar stage in
DPS mutant embryos, Arm is observed at the plasma
membrane, but not in the sharply defined manner observed
in wild-type embryos (compare Fig. 1A to 1B). Further, there
are large cytoplasmic inclusions of Arm in the DPS mutant
embryos (Fig. 1D) which are predominantly localized to the
basal-most region of the cells at the blastoderm stage and
are not observed in wild-type embryos (Fig. 1C). These
inclusions can also be observed at slightly later stages, at
which time some cytoplasmic Arm is present in basal
inclusions (yellow arrows; Fig. 1E) as well as apically and at
the adherens junctions (white arrowheads, Fig. 1E). This
observation suggests that DPS is required for proper or
efficient localization of Arm to the apical membrane in the
cellular blastoderm. It should be noted, however, that
enough of the very abundant Arm protein reaches the
adherens junctions to support cell adhesion, as demon-
strated by the fact that embryos from these DPS germline
clone mothers do not exhibit the loss of cell adhesion
phenotype, but rather ultimately display a neurogenic phe-
notype (Struhl and Greenwald, 1999; Ye et al., 1999).
We next sought to investigate the composition of the
cytoplasmic Arm inclusions. One possibility was that these
inclusions were ubiquitinated Arm protein sent to the
proteosomes for degradation. Antibodies directed against
Ubiquitin colocalized with some of the Arm inclusions
observed in DPS mutant embryos (Figs. 1F–1H). Double
labeling revealed that much of the Arm found in cytoplas-
mic inclusions contained Ubiquitin (Fig. 1H). In slightly
older blastoderm embryos (Figs. 1I–1K), the amount of
Ubiquitin and Arm colocalization in cytoplasmic inclu-
sions appears to increase (compare Fig. 1G with 1J). How-
ever, some Ubiquitin-positive inclusions did not contain
Arm, which suggests that other proteins may also fail to
s of reproduction in any form reserved.
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452 Noll et al.FIG. 1. Aberrant localization of Armadillo in null mutation DPS embryos. In blastoderm stage wild-type embryos stained with antibodies
directed against Arm (A, 203), a hexagonal array of cells can be seen. Arm is tightly associated with cell membranes and little appears in
the cytoplasm. In embryos derived from DPSC2 GLCs, Arm expression is not as tightly restricted to the cell membrane, and there is
punctuate staining in the cytoplasm (B, 203). A basal focal plane of a wild-type cellular blastoderm (C, 403) illustrates the limited amount
of Arm normally found basally in the cell, whereas in DPSC2 embryos large cytoplasmic inclusions are observed basally. (D, 403) In a
ermband extended stage DPSC2 embryo (E, 1003), some Arm is present apically at the adherens junctions (white arrowheads), but most is
found basally and is not tightly associated with the cell membrane (yellow arrows). In early blastoderm stage DPSC2 embryos double labeled
ith anti-Arm (FITC, F) and anti-Ubiquitin (Texas red, G; merged image, H) some of the cytoplasmic Arm colocalized with Ubiquitin
yellow and orange in H). Toward the end of blastoderm stages, increasing amounts of basally located, cytoplasmic Arm colocalized with
biquitin [yellow and orange in K (Arm FITC, I; Ubiquitin TR, J; merged image, K)]. However, most of the Arm tightly associated with the
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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453PS Affects Armadillo Localization and Functionreach the proteosome in DPS mutant embryos. If the
cytoplasmic inclusions of Arm are due to a failure to
undergo appropriate degradation, then the amount of Arm
found in the DPS embryos would be expected to be in-
creased. Immunoblots of equal number of embryos revealed
a 2.5-fold increase in the total amount of Armadillo in
germline clones (Fig. 1L), while a loading control (Tub)
demonstrated that both lanes were equally loaded. These
findings suggest that DPS may function in proper proteaso-
mal degradation of cytoplasmic Arm during blastoderm
stages. It should be noted that when embryos carrying a
deficiency for the Notch locus were stained with Arm, no
cytoplasmic inclusions were observed at any stage (Fig.
1M). Although we did not observe any Arm inclusions in
Notch-deficient embryos, even at late embryonic stages, it
is formally possible that residual Notch from maternally
loaded mRNA is sufficient to prevent the inclusion forma-
tion observed in DPS mutant embryos.
Expression of PS1 Affects Arm Membrane
Localization and Accumulation
To investigate further the interaction between Arm and
DPS in vivo, we expressed human PS1 full-length protein
(hPS1) or the loop region alone (hPS1loop), during embryo-
gensis using the Gal4/UAS system (Brand and Perrimon,
1993). When expressed using a strong maternal Gal4 driver
(nanos-Gal4) the vast majority of embryos were unable to
maintain cellular integrity and disintegrated. Interestingly,
in the embryos that survived, Arm localization was abnor-
mal. However, the nature of the mislocalization was quite
different from that observed in the DPS mutant embryos. In
ontrol embryos (nanos-Gal4/1) almost all Arm was asso-
iated with the cell membrane at blastoderm stages (Fig.
A). But in UAS-hPS1/1; nanos-Gal4/1 and UAS-
PS1loop/1; nanos-Gal4/1 embryos, the appearance of the
exagonal array was “fuzzy” (making the images appear out
f focus), due to greatly increased levels of cytoplasmic Arm
Figs. 2B and 2C). Although, qualitatively the mislocaliza-
membrane does not appear to be ubiquitinated (green in H and K),
Arm (red in H and K). (L) Immunoblot analysis of lysates from an eq
an anti-Armadillo antibody. (Bottom panel) The same samples
demonstrates that the lanes are equally loaded and the increased am
otch mutant embryos do not exhibit the cytoplasmic inclusions
IG. 2. Overexpression of Presenilin affects the intracellular loca
Arm antibody in wild-type [nanos-Gal4/1] (A), nanos-Gal4/1; UAS
Arm is localized to the membrane and there is very little in the cyto
sharply defined, hexagonal pattern of cells. When full-length hPS1 (B
the cytoplasmic pools of Arm are increased and the hexagonal arra
less apparent. Armadillo expression in a-tubulin-Gal4 alone (D, F;
xtension cytoplasmic clearing of Arm from the anterior portion o
mbryos where hPS1 (E) or hPS1loop (not shown) is overexpressed
embranes are difficult to identify. At later stages membrane-assout is less distinct in animals expressing hPS1(G) or the loop region (no
Copyright © 2000 by Academic Press. All rightion of Arm in the cytoplasm was the same with expression
f either hPS1 or hPS1loop (compare Fig. 2B with 2C), both
nsertions of UAS-hPS1 gave a much stronger phenotype
han those associated with the UAS-hPS1loop insertions.
his difference suggested that the physical interaction
etween hPS1loop and Arm is less robust than between the
ull-length hPS1 and Arm.
To confirm the observation that Arm is mislocalized to
he cytoplasm in the presence of high levels of hPS1 or
PS1loop, we used another maternally expressed Gal4
river (a-tubulin-Gal4). The expression of this Gal4 driver
is somewhat weaker than the nanos-Gal4, thus allowing us
to examine the effects of hPS1 or hPS1loop expression at
later embryonic stages. Early in germband extension, UAS-
hPS1/1; a-tubulin-Gal4/1 (Fig. 2E) or UAS-hPS1loop/1;
a-tubulin-Gal4/1 (data not shown) embryos exhibited very
high levels of cytoplasmic Arm across the entire segment,
obscuring the visualization of the cell membranes. At this
stage, the evolving parasegmental boundaries which are
beginning to be evident in WT embryos (Fig. 2D) can hardly
be seen at all in UAS-hPS1/1; a-tubulin-Gal4/1 (Fig. 2E).
s germband retraction proceeds, the normal stabilization
f Arm in cells receiving Wingless signal occurred in
AS-hPS1/1; a-tubulin-Gal4/1 but Arm associated with
the membrane remained depleted across the parasegment,
making the cell membranes appear indistinct (compare Fig.
2F to Fig. 2G).
Expression of hPS1 Generates Cadherin-like
Mutant Phenotypes
Arm at the cell membrane is associated with E-cadherin,
and the continued expression and function of E-cadherin are
dependent on the presence of functional Arm. E-cadherin is
encoded by the shotgun gene, and shotgun mutant embryos
evelop poorly formed cuticles due to a loss of cell adhesion
Figs. 3B, 3C, and 3F). We reasoned that, if the increased
evel of cytoplasmic Arm observed in the presence of
verexpression of hPS1 correlated with a depletion of the
not all the Ubiquitin-positive inclusions in the cytoplasm contain
umber of embryos from wild-type and DPSC2 germline clones with
ted with an anti-tubulin antibody as a loading control, which
of Arm found in the DPSC2 embryos is not due to a loading artifact.
rm (M).
on of Arm. Cellular blastoderm stage embryos (203) stained with
D2/1 (B), and nanos-Gal4/1; UAS-PS1-loopA/1 (C). Note that most
m in wild-type cellular blastoderm stage embryos (A), giving a very
the loop region of hPS1 (C) is expressed using the same Gal4 driver,
ells normally outlined by Arm associated with the membrane are
or in combination with UAS-PS1D2 (E, G; 203). Early in germband
h segment occurs in cells that do not respond to Wingless (D). In
anterior cytoplasmic clearing of Arm is not evident, and the cell
d Arm outlines the cells in the anterior segment in wild type (F),and
ual n
blot
ount
of A
lizati
-PS1
plas
) or
y of c
203)
f eac
, this
ciatet shown).
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454 Noll et al.membrane-associated pool of Arm, then UAS-hPS1loop/1;
a-tubulin-Gal4/1 should exhibit a shotgun-like cuticle
phenotype. Indeed most of the a-tubulin-Gal4/1; UAS-
hPS1/1 (Fig. 3E) or the a-tubulin-Gal4/1; UAS-
PS1loop/1 embryos (Fig. 3D) that survive long enough to
ecrete cuticle exhibit phenotypes that resemble the loss of
-cadherin function. In embryos that develop more cuticu-
ar elements, additional phenotypes include loss of head
tructures, variable degrees of segmental fusion, and a
dorsal open” phenotype. In a small subset of animals
,10%) that survive to secrete cuticle, a weak/moderate
ingless-like cuticle phenotype is observed, and this phe-
otype can be correlated with a failure to maintain En-
railed expression (data not shown).
Because DPS appears to have a role in the Notch pathway,
a-tubulin-Gal4/1; UAS-hPS1/1 embryos were labeled with
Fas III to assess the integrity of the ventral ectoderm and to
look for any indication of hypertrophy of the nervous
system. When the ectodermal cells associated with the
ventral midline were examined there was evidence of some
disruption in patterning as indicated by the meandering of
the midline (arrows, Fig. 3F), but the epidermis was found to
FIG. 3. Effects of overexpression of hPS1 or the loop region durin
overexpression of hPS1 or the loop region alone is clearly appa
segmentally reiterated pattern of denticle bands and normal head a
UAS-PS1-loopA/1 and a-tubulin-Gal4/1; UAS-PS1D4/1, respect
hgG317 (C) and shgG3085 (B) mutant embryos. shg alleles are mutatio
, and I) a-tubulin-Gal4/1; UAS-PS1D2/1 embryos nearing complet
of the ectoderm demonstrating that the ventral ectoderm is both pr
slightly due to the mild perturbations of segmentation that are seen
in the same embryo (G), the appropriate number of cells in the n
nervous system appears normal, indicating that these embryos are n
in a-tubulin-Gal4/1; UAS-PS1D2/1 embryos (I) is compared to wild
for Arm.be intact. Further, when the Fas III-positive cells in the
Copyright © 2000 by Academic Press. All rightervous system of these same embryos were visualized we
ound that the number and location of Fas III-positive cells
ere normal (Fig. 3G). This indicates that the nervous
ystem hypertrophy at the expense of ventral ectodermal
ell fates that is found as a result of disruption in the Notch
ignaling pathway does not occur when UAS-hPS1 is ex-
ressed.
Since Fas III can be found at the cell membrane we
xamined the localization of Fas III in a-tubulin-Gal4/1;
AS-hPS1/1 (Fig. 3I) and in a-tubulin-Gal4/1; UAS-
PS1loop/1 embryos (data not shown). Compared to wild-
ype (Fig. 3H), there was no obvious mislocalization of Fas
II as a result of UAS-hPS1 expression (Fig. 3I). This suggests
hat the mislocalization of Arm as a result of UAS-hPS1
xpression is not due to some nonspecific effect, but rather
eflects a specific interaction been Arm and hPS1.
PS1 Overexpression Results in a “Dorsal Open”
Phenotype
The resemblance of the cuticle phenotypes associated
with hPS1 and hPS1loop expression to shotgun mutations
ly gastrulation. The effect of loss of Arm at the membrane due to
in the larval cuticle. (A) A wild-type first-instar larva with the
ail structures. (D and E) The ventral cuticles of a-tubulin-Gal4/1;
. These phenotypes resemble the cuticle phenotypes observed in
Drosophila E-cadherin, which result in a loss of cell adhesion. (F,
f gastrulation stained with an antibody to Fas III. (F) A ventral view
t and intact at the midline (arrows), although the midline wanders
imals that live to this stage. When the nervous system is visualized
s system are labeled (arrows) and the general organization of the
eurogenic. When the cellular localization of Fas III in the ectoderm
(H; a-tubulin-Gal4/1) no mislocalization is apparent as is the caseg ear
rent
nd t
ively
ns in
ion o
esen
in an
ervou
ot n
typestrongly implicates dysfunction in adhesion and cytoskel-
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455PS Affects Armadillo Localization and Functionetal organization. To investigate the basis of this phenotype
further we examined phalloidin staining in these embryos
at stages before cuticle deposition. Actin associated with
the cytoskeleton is important both for cellularization and
for the changes in cell shape during dorsal closure at
midembryonic stages. During normal development the
dorsal-most cells of the epidermis, which are initially
located on the lateral side of the embryo, change from a
generally rounded shape to a more cuboidal shape (Knust,
FIG. 4. Dorsal closure defects and effects on actin. Phalloidin stain
B, C, E). There is an accumulation of actin at the leading edge of th
ells of the amnioserosa (AS). As dorsal closure nears completion,
tructures in the peripheral nervous system (white arrows in A, B).
ctodermal cells do not elongate, and there is no accumulation
ccumulation of actin associated with differentiating structures i
mbryo should be approaching completion of dorsal closure. At
exagonal array of cells by labeling actin associated with the cell m
he pattern of phalloidin staining becomes very punctuate, and th
embrane (E).1996; Young et al., 1991, 1993) and are known as the L
Copyright © 2000 by Academic Press. All rightleading edge.” After altering their shape, the leading edge
ells serve an instructive role in directing the more lateral
ells of the epidermis to undergo a similar change in shape
nd a stretching that facilitates the advancement of the
pidermis over the cells of the amnioserosa, which becomes
nternalized. The leading edge cells have an enrichment of
ctin along their dorsal-most edge that is maintained as
hey contact their counterparts that have advanced from
he opposite side of the embryo (yellow arrows in Fig. 4A).
n a-tubulin-Gal4 alone (A, D) or in combination with UAS–PS1D2
sal ectoderm as it elongates (yellow arrows in A), internalizing the
e is also an accumulation of actin associated with differentiating
tubulin-Gal4/1; UAS-PS1D2/1 dorsal closure does not occur, the
ctin at the leading edge (yellow arrows in B, C). Note that the
e PNS is apparent (white arrows in B), which indicates that this
blastoderm stage, phalloidin staining allows visualization of the
brane (D). However, in a-tubulin-Gal4/1; UAS-PS1D2/1 animals
a dramatic reduction in the amount of actin associated with theing i
e dor
ther
In a-
of a
n th
the
emeading edge cells contact each other initially anteriorly
s of reproduction in any form reserved.
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456 Noll et al.and posteriorly, and dorsal closure then proceeds from both
ends toward the middle of the embryo.
In UAS-hPS1/1; a-tubulin-Gal4/1 (Figs. 4B and 4C) and
UAS-hPS1loop/1; a-tubulin-Gal4/1 (data not shown) ani-
mals that make it through cellularization usually fail to
initiate and/or complete dorsal closure, a phenotype resem-
bling that observed in some Arm mutations (Peifer et al.,
1991). At the stage when an accumulation of actin in the
peripheral nervous system is clearly apparent (white arrows
in Figs. 4A and B), dorsal closure should be approaching
completion. However, in the UAS-hPS1/1; a-tubulin-
al4/1 animals, the leading edge cells do not undergo the
roper change in shape (yellow arrows in Fig. 4B), and there
s no accumulation of actin along the dorsal most edge of
he cells (yellow arrows in Fig. 4C). Note that cells all along
he dorsoventral axis of the epidermis fail to stretch and take
n the proper thin, cuboidal shape (Fig. 4B), as occurs in the
ild type (Fig. 4A). In the more extreme cases the epidermal
ells are often very irregularly shaped with little apparent
rganization along the anterior–posterior axis (Fig. 4C).
Alterations in the normal distribution of actin due to
xpression of hPS1 or the loop region can also be observed
n blastoderm stage embryos, concurrent with the mislo-
alization of Arm to the cytoplasm. Wild-type phalloidin
taining resembles the pattern of Arm staining at blasto-
erm stages, revealing the hexagonal array of cells (Fig. 4D).
owever, in UAS-hPS1/1; a-tubulin-Gal4/1 animals, the
verall amount of actin present at the membrane is greatly
educed, resulting in a thin, spotty phalloidin staining
attern in some regions of the embryo (Fig. 4E) and often in
complete degeneration of the membrane structure in
ther regions (data not shown). In areas where hexagonal
rrays are not present, large patches of intense phalloidin
taining are evident.
b-Catenin Does Not Interact Directly
with PS1 in Vitro
Our in vivo data support the model that PS1 and Arm/b-
catenin interact and are consistent with previous observa-
tions that PS1 and b-catenin associate in various cell lines
nd brain tissues (Murayama et al., 1998; Nishimura et al.,
999; Tesco et al., 1998; Yu et al., 1998; Zhang et al., 1998;
hou et al., 1997) and that the interaction requires the PS1
TF (Murayama et al., 1998; Tesco et al., 1998). However,
ecause all of the studies describing this interaction rely on
ither coimmunoprecipitation or cofractionation assays, it
s unknown whether the interaction between PS1 and
b-catenin is direct or requires additional factor(s). To address
this issue, different mouse b-catenin deletion constructs were
fused to the GAL4 AD in the yeast vector pACT2 and tested
against the human PS1 loop fused to the GAL4 BD (pAS2loop;
amino acids 263–408) (Zhou et al., 1997). Surprisingly, none of
those constructs specifically interacted with the hydrophilic
loop of human PS1 (Figs. 5A and 5B).
One explanation for this observation would be that none
of our constructs contained the intact complete binding a
Copyright © 2000 by Academic Press. All rightdomain. However, additional in vitro experiments made
this explanation unlikely. Using [35S]Met-labeled, in vitro
ranslated full-length mouse b-catenin and either full-
ength PS1 or PS1 loop proteins, we failed to detect complex
ormation in coimmunoprecipitation assays with specific
ntibodies. PS1 failed to coimmunoprecipitate with
b-catenin antibodies and b-catenin did not coimmunopre-
ipitate with PS1 antibodies (data not shown). Taken to-
ether, these observations suggest that some cofactor or
osttranslational modification is required for b-catenin to
ind to PS1, and this cofactor is not present in the yeast
wo-hybrid or coimmunoprecipitation assays. Notable is a
ecent report mapping the binding site to residues 445–676
f b-catenin by coimmunoprecipitation analysis of deletion
onstructs (Murayama et al., 1998). However, our pACT–
C6 construct (residues 423–709) includes that region and
et still failed to bind in the two hybrid assay. Consistent
ith these findings R. Cavallo and M. Peifer (personal
ommunication) also failed to observe a direct interaction
etween the Drosophila orthologues of b-catenin and PS1
using a LexA-based yeast two-hybrid system.
b- and d-Catenin Can Compete for Binding to PS1
Because d-catenin binds directly to PS1, we asked
whether d-catenin could outcompete b-catenin from an in
vivo complex with PS1 in CHO cells. For these experiments
we used a small fragment of d-catenin (DEco) identified by a
wo-hybrid analysis in which a series of d-catenin trunca-
ions were tested for their ability to interact with PS1 (M.
edina and K. S. Kosik, unpublished data). The minimal
nteractive fragment requires both the last four Arm repeats
nd a portion of the carboxy terminal sequence just beyond
he Arm repeats. The DEco fragment was cloned under the
ontrol of the CMV promoter and transfected into CHO–
S70 cells. Lysates from transfected cells were immunopre-
ipitated with antibodies against PS1 or b-catenin and the
immunoprecipitates analyzed by immunoblot using an
anti-b-catenin antibody. As shown in Fig. 5C, expression of
he d-catenin DEco fragment (residues 828–1127) almost
ompletely displaced b-catenin from the PS1 complex.
These experiments support the hypothesis that b-catenin
nteracts with the hydrophilic loop of PS1 via a third
rotein, which competes with the DEco fragment of
d-catenin for binding to PS1. The most parsimonious expla-
nation for these observations is that b-catenin associates
ith the complex via full-length d-catenin itself, but was
nable to do so in the presence of the DEco fragment alone.
f this were the case, then full-length d-catenin would not
e expected to compete b-catenin from the PS1 complex, as
the DEco fragment of d-catenin did. Furthermore, it should
be possible to demonstrate a direct interaction between
d-catenin and b-catenin. Indeed, in the presence of full-
length d-catenin, b-catenin is retained in the PS1 complex,
uggesting that d-catenin is capable of mediating b-catenin
ssociation with PS1 (Fig. 5C).
s of reproduction in any form reserved.
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The Localization of Armadillo Depends
on Presenilin
Embryos derived from presenilin germline clone females
exhibited mislocalization of Armadillo. These embryos
contained cytoplasmic inclusions that were both Arm and
Ubiquitin immunoreactive, suggestive of a failure to target
FIG. 5. b-Catenin does not bind directly to PS1. (A) Schematic sum
All b-catenin fragments were cloned into pACT2 and cotransform
epresents the full-length b-catenin molecule. The 13 Arm repeats a
of the fragments. (B) b-Galactosidase activity was determined in liq
GAL4–BD alone was used as a control of specificity. A d-catenin
b-catenin by immunoblot analysis of PS1 (antibody 4873) and b-cate
length d-catenin (FL) or the DEco fragment. (D) Detection of b-cat
ipitates from an adult rat brain lysate. Arrows in C and D poin
recipitated with GST alone, fused to the human PS1 N-terminus
nti-Armadillo antibody. Arrow indicates the Arm-immunoreactivArm to a degradative pathway. A role for PS in regulating
Copyright © 2000 by Academic Press. All righthe degradation of proteins is suggested by other PS inter-
ctions. The C. elegans orthologue of PS, sel-12 interacts
ith sel-10, a member of the Cdc4p family which targets
roteins for Ubiquitin-mediated turnover (Wu et al., 1998).
urthermore, the fly orthologue of Cdc41p, Slimb, may
arget b-catenin for Ubiquitin/proteasome degradation
(Jiang and Struhl, 1998). Also, the LEF/b-catenin complex is
thought to be affected in its translocation to the nucleus by
y of the mouse b-catenin fragments and their interaction with PS1.
with the pAS2-loop bait vector. The thick black line on the top
own as dark boxes. Amino acid residue numbers are shown on top
ssays to quantify each interaction. Plasmid pACT2 containing the
ent (pACT-A1) was used as a positive control. (C) Detection of
mmunoprecipitates from CHO–PS70 cells transfected with the full
in d-catenin (antibody 62) and preimmune serum (P) immunopre-
b-catenin. (E) Wild-type Drosophila embryo lysates were affinity
or the loop region (L), and then analyzed by immunoblot with an
d.mar
ed
re sh
uid a
fragm
nin i
enin
t to
(N)
e banmutations in PS (Nishimura et al., 1999). A genetic rela-
s of reproduction in any form reserved.
FIG. 6. Model of the role of PS1 in Arm/b-catenin-mediated cell adhesion. (A) In wild-type, d-catenin binds to the loop region of PS1 and
to free b-catenin in the cytoplasm. This interaction facilitates efficient translocation of b-catenin to the apical adherens junctions, where
it then associates with E-cadherin to mediate cell adhesion. (B) In mutants lacking PS1, b-catenin is not shuttled efficiently to the apical
surface but sufficient Arm is present to reach the apically located adherens junctions and mediate normal cell adhesion via E-cadherin.
However, much of the cytoplasmic Arm that would normally be degraded in proteosomes is found in large, Ubiquitin-positive inclusions
in the cytoplasm. (C) When PS1 or the PS1 loop is overexpressed at very high levels, it is retained in the ER in association Arm/b-catenin
and normal trafficking to the adherens junctions fails. This defect renders E-cadherin nonfunctional and disrupts cell adhesion.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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459PS Affects Armadillo Localization and Functiontionship between DPS and Arm was also suggested by a
genetic modifier screen for mutations which can suppress
the armadillo mutant phenotype (Cox et al., 2000). To-
gether these observations implicate PS in a complex with
b-catenin as a means to target b-catenin and possibly its
argo for degradation or other functions at remote sites in
he cell (Fig. 6). Thus the Presenilin/b-catenin complex may
serve as an endoplasmic reticular staging platform for
complex assembly and targeting to a variety of cellular
destinations including the proteosome.
Before b-catenin joins a-catenin and arrives at the plasma
membrane, it forms a “preadhesion” complex with Cad-
herin (Hinck et al., 1994) which is required for ER exit and
membrane delivery of the complex (Chen et al., 1999). The
delivery of Arm requires that the cell specify a polar
trafficking route to the site of the adherens junctions at the
apical part of the cell during blastoderm stages. That many
of these inclusions were located basally suggests impaired
apical trafficking in the absence of PS. Although apparently
reduced, sufficient Arm does reach the adherens junctions
in these embryos so they do not develop an early adhesion
defect phenotype. Instead, the phenotype includes a neuro-
genic defect thought to be related to the role of PS in
cleaving Notch to generate an active product (Struhl and
Greenwald, 1999; Ye et al., 1999). The reports of the close
resemblance between the Notch and PS phenotypes sug-
gested a highly restricted function for PS: enhancement of
Notch function by facilitating Notch cleavage. However,
loss of Notch does not produce the Arm inclusions observed
with loss of PS (Fig. 1M). This finding suggests a broader
function for PS which extends beyond its role in Notch
processing.
Expression of hPS1 in vivo in the developing Drosophila
embryo also affected the localization of Armadillo. Using
two different GAL4 drivers that are expressed maternally,
we observed a shotgun-like phenotype in the embryos.
Mutations in shotgun, which encodes Drosophila
E-cadherin, have a distinctive loss of head structures and
dorsal open cuticle phenotype, due to a loss of cell adhesion
caused by nonfunctional adherens junctions. Further, Ar-
madillo mutant germ cells have a nearly identical pheno-
type as shotgun mutant germ cells (White et al., 1998). The
expression of full-length PS1 or the PS1 loop region alone
reduced the amount of Armadillo associated with the cell
membrane and increased the cytoplasmic pool of Arma-
dillo. The most likely explanation for why overexpression
of hPS1 caused these changes in the intracellular localiza-
tion of Arm is due to titration of Arm-repeat family mem-
bers away from the adherens junction or from a complex
destined for the adherens junction. In particular, we ob-
served that there was a reduction in the amount of Arma-
dillo associated with the cell membrane. The association of
Arm with hPS1 in vivo sufficiently reduces Arm in the
adherens junction and thereby renders E-cadherin nonfunc-
tional leading to an adhesion defect and lethality in the
Drosophila embryo.
Copyright © 2000 by Academic Press. All rightThe PS Complex with b-Catenin and p120ctn
Subfamily Members
Both PS1 and b-catenin are found in high-molecular-
eight intracellular complexes (Yu et al., 1998); however,
hey do not directly interact. The identity of at least one
ther member of the PS/b-catenin complex is d-catenin.
d-Catenin belongs to an Arm-repeat subfamily structurally
defined by a characteristic organization of 10 Arm repeats
in the central portion of the protein. Through an interactive
domain involving the cytoplasmic loop, PS1 forms a com-
plex with members of the p120ctn subfamily. Among these
family members, interactions with PS1 have been demon-
strated for d-catenin (Levesque et al., 1999; Stahl et al.,
999; Tanahashi and Tabira, 1999; Zhou et al., 1997) and
0071 (Stahl et al., 1999). At least two members of the
120ctn subfamily—p120 and d-catenin—bind to a jux-
tamembrane site on cadherin which is distinct from the
carboxy terminal site where b-catenin binds (Lu et al., 1999;
zawa and Kemler, 1998; Yap et al., 1998). Without either
f these binding domains the extracellular region of
-cadherin can confer some adhesive properties to cells;
owever, these cells do not undergo compaction, e.g.,
hange in cell shape to maximize contact area (Ozawa and
emler, 1998). Deletion of the b-catenin binding domain of
E-cadherin while retaining the juxtamembrane domain
causes loss of adhesion. Constructs with a retained jux-
tamembrane domain are also incapable of forming
E-cadherin dimers, a key step by which cells acquire adhe-
sive properties. These data have led some to conclude that
binding to the juxtamembrane region of classical cadherins
is inhibitory to cell adhesion (Ozawa and Kemler, 1998).
The binding studies here suggest that the association of
PS and b-catenin occurs through d-catenin. Among the
120ctn subfamily proteins, the expression of d-catenin is
ighly restricted to neurons (Ho et al., 2000). Other family
embers, such as p0071 and p120ctn, are more broadly
expressed, and they may attract b-catenin to PS in nonneu-
onal cells. Because excess PS can interfere with the deliv-
ry of b-catenin to the adherens junction, one possible
function of the PS/b-catenin complex is to coordinate the
elivery of b-catenin with a 10-repeat Arm protein to the
adherens junctions.
The PS/b-Catenin Complex and Notch
One site of residence for b-catenin is in a complex with
xin, APC, and GSK3b where it mediates regulation of Wnt
signaling. Although quantitatively less frequent than the
shotgun phenotype among embryos expressing hPS1, phe-
notypes that resemble the loss wingless activity were
occasionally observed suggesting that binding to hPS1 also
successfully competed b-catenin away from its signaling
pool. In conjunction with the evidence that PS is involved
in Notch activation by releasing its cytoplasmic domain
(De Strooper et al., 1999; Struhl and Greenwald, 1999; Ye et
al., 1999) these findings suggest another link between the
Wingless and Notch pathways. Previous studies reported
s of reproduction in any form reserved.
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460 Noll et al.genetic interactions between wg and N (Couso and Mar-
tinez Arias, 1994; Hing et al., 1994) and direct interactions
between these pathways via Dishevelled (Axelrod et al.,
1996), as well as isolation of wg mutations in screens for
genetic modifiers of Notch (Hing et al., 1994) and vice versa
(Couso and Martinez Arias, 1994).
PS is primarily localized in the ER, but cleavage of Notch
occurs either at or close to the cell surface. Transit of PS to
the region of the adherens junction, as recently observed
(Georgakopoulos et al., 1999), could resolve the contradic-
tion between previous views regarding the location of PS in
the endoplasmic reticulum and the cleavage of Notch either
in or near the plasma membrane. PS is associated with two
proteins—b-catenin and d-catenin—whose destination is
he adherens junction. Both Notch and Wingless have also
een reported in the region of the adherens junction (Woods
nd Bryant, 1993). A large regulatory complex associated
ith PS may cleave Notch leaving the released cytoplasmic
ragment to translocate to the nucleus and activate tran-
cription or prevent transcription by binding through its
arboxy terminus to Dsh. Dishevelled may independently
ocalize to intracellular junctions through its disks large
omology (DHR) region or utilize the PS complex to direct
he Notch cytoplasmic fragment toward a degradative path-
ay. Alternatively, members of the PS complex such as b-
r d-catenin may regulate the inhibitory interaction be-
tween Notch and Dishevelled. Because both of the putative
substrates for PS—Notch and the amyloid precursor
protein—transit through the ER, PS-associated proteins
may serve in the ER to prevent premature cleavage. If, as
suggested (De Strooper et al., 1999; Struhl and Greenwald,
1999; Ye et al., 1999), PS cleaves Notch, it is curious that
the expression of hPS1 did not induce a Notch activation
phenotype. Neither was a Notch activation phenotype
reported when the endogenous DPS was overexpressed
(Guo et al., 1999; Ye et al., 1999). Significant inhibitory
controls must be present that either prevent Notch cleavage
or prevent the activity of the Notch active fragment.
The interactions of b-catenin with other proteins are
complex and numerous. PS1 may delimit the components
of the b-catenin complex at specific cellular locales and
allow it to discriminate among potential binding partners.
In the case of the b-catenin/APC complex, GSK3b can
phosphorylate both proteins (Rubinfeld et al., 1996). Al-
though a direct association of GSK3b with b-catenin could
ot be demonstrated in vitro, it has been observed that Axin
imultaneously and directly binds to APC, b-catenin, and
GSK3b (Hart et al., 1998; Ikeda et al., 1998). The binding of
ll three proteins to axin may coordinate b-catenin down-
regulation by bringing these proteins into proximity.
GSK3b binds PS1 between residues 259 and 298 of the
ragment which is N-terminal after endoproteolytic cleav-
ge (Takashima et al., 1998). This site differs from the
d-catenin binding site on hPS1 which spans residues 319 to
371 (M. Medina and K. S. Kosik, unpublished data). Thus PS
may coordinate the entry of both b-catenin and GSK3b into
the complex with APC and Axin. Alternatively, PS may
Copyright © 2000 by Academic Press. All rightcoordinate the trafficking routes of b-catenin as it as-
sembles and shifts large multicomponent protein com-
plexes to diverse destinations in the cell.
MATERIALS AND METHODS
Drosophila Expression Constructs, GAL-4 Lines,
and Germline Clones
cDNAs encoding human wild-type PS1 and the PS1 loop region
(amino acids 263–407) were ligated into pUAST (Brand and Perri-
mon, 1993). Transgenic lines were generated by injection of CsCl
banded DNA at a concentration of 600 mg/ml into yw; 2.3/TM6
mbryos, which contain the P-element transposase. Multiple in-
ertions of each construct were isolated and two insertions of each
onstruct were analyzed. The insertion yw;P[w1,UAS-PS1wtD2] on
hromosome II is homozygous viable, the insertion yw;P[w1,UAS-
S1wtD4]/Ly on chromosome III is semiviable, and two insertions of
the loop region (yw; P[w1, UAS-PS1-loopA] and yw; P[w1, UAS-
PS1-loopA8]) are both homozygous viable insertions on chromo-
some II.
Males homozygous for the UAS constructs were crossed with
flies carrying GAL4 insertions under the control of one of two
maternal promoters. yw;P[w1, Gal4U32a] is a fusion of the a4-
ubulin promoter and the VP16 activation domain driving GAL-4.
his construct is inserted on chromosome II and is homozygous
iable (generously provided by D. St. Johnston). The nanos-GAL4
ine, a viable insertion on chromosome III, drives expression of
AL-4 under the control of the nanos promoter (generously pro-
ided by P. Rorth).
Two alleles of PS1 were examined in germline clones (PSC1-FRT
and PSC2-FRT; Struhl and Greenwald, 1999) generated using the
FLP-FRT method (Perrimon, 1996).
Collections of Drosophila embryos were prepared according to
standard methods. Briefly, embryos were dechorionated (50%
bleach) and rinsed in 0.1% Triton. Embryos were fixed for 10–15
min in a 1:1 solution of 4% methanol-free formaldehyde (Poly-
sciences) in phosphate-buffered saline (PBS) and heptane (Sigma) on
a rotator. Formaldehyde phase was then removed and replaced by
methanol and then shaken to remove vitelline membranes. All
liquid was removed (along with floating embryos) and embryos
were briefly rinsed in methanol. They were then rehydrated in PT
(0.1% Tween 20 in 13 PBS) three times. PT was aspirated and a
solution 1:1 of PT, normal horse serum, and 0.1% NP-40 (Roche–
Boehringer Mannheim) was added. Embryos were incubated in this
solution on a rotator for at least 30 min at room temperature (RT).
Anti-Armadillo antibody (Developmental Hybridoma Bank, Iowa
City, IA) or anti-E-cadherin antibody (generously provided by
generously provided by T. Uemura) was diluted 1:10 to 1:20 in
0.1% NP-40/PBS and incubated at RT for 2 h, rinsed four times in
PT, incubated in horse anti-mouse FITC (1:500) in PT for 2 h at RT,
and rinsed again four times in PT. Embryos were then suspended in
SlowFade (Molecular Probes) suspended in glycerol. Staining was
visualized on a Leica confocal microscope.
For visualization of F-actin, embryos were fixed as described
above and devitellinized using 95% ethanol instead of methanol.
Embryos were then rinsed in 95% ethanol and rehydrated in PT.
Texas red-conjugated phalloidin was suspended in PT and embryos
were mounted in SlowFade suspended in glycerol. Cuticle prepa-
rations were performed as described previously (Struhl, 1985).
s of reproduction in any form reserved.
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461PS Affects Armadillo Localization and FunctionYeast Two-Hybrid System
The indicated portions of human PS1 were PCR amplified and
cloned into either pAS2-1 (to produce a GAL4 binding domain
fusion protein) or pACT2 (to produce a GAL4 transactivation
domain fusion protein). Mouse b-catenin deletion constructs were
repared by standard cloning techniques. All constructs were
onfirmed by sequencing. The Matchmaker GAL4 two-hybrid
ystem (Clontech Laboratories) was used according to the manu-
acturer’s instructions. The yeast strain Y187 was transformed
sing the LiAc transformation procedure and cotransformants were
elected on -Leu;-Trp medium. To look for specific interactions,
–10 double transformants colonies were assayed on filters for
b-galactosidase activity and also grown in -Leu;-Trp;-His medium.
For quantification, liquid b-galactosidase assays were carried out
on four to six independent colonies in triplicate for each plasmid
combination tested. b-Galactosidase activity was calculated in
Miller units (Miller, 1972).
Transfections
CHO–PS70 cells (Xia et al., 1997) were grown in 10-cm dishes
and transfected with 10 mg of plasmid DNA using Superfect
(Qiagen). Cells were collected 72 h after transfection, washed three
times in cold PBS, and resuspended in lysis buffer (1% NP-40; 12.5
mM Chaps; 150 mM NaCl; 50 mM Tris, pH 7.6; 2 mM EDTA; 1
mM PMSF; Complete protease inhibitors). After incubation at 4°C
for 30 min, lysates were spun for 15 min in the microfuge and the
supernatants were stored at 280°C until use. Protein concentration
was determined by the BCA assay (Pierce).
Immunoprecipitation and Immunoblot
The lysates (1 mg of total protein) were precleared by incubating
with protein G–Sepharose beads (Pharmacia) for 1 h at 4°C followed
by centrifugation to remove the beads. The supernatants were
immunoprecipitated with specific antibodies overnight at 4°C.
Polyclonal antibodies against b-catenin (Transduction Laborato-
ries), PS1 (X81 (Xia et al., 1997), R-4873 (Zhou et al., 1997), and
d-catenin (rAb62 (Lu et al., 1999)) were used. The immunoprecipi-
ates were then captured by protein G–Sepharose for an additional
h at 4°C. Samples were washed four times with IP buffer (15 mM
ris, pH 7.5; 5 mM EDTA; 2.5 mM EGTA; 1% Triton X-100; 0.1%
DS; 120 mM NaCl; and 25 mM KCl). Immunoprecipitates were
esuspended in 23 Laemmli buffer, boiled for 5 min, separated by
DS–PAGE, and transferred to nitrocellulose membranes (PGC
cientifics) for immunoblotting. Protein was detected by enhanced
hemiluminescence (ECL) (Amersham).
An equal number of wild-type and germline clones (24 embryos
f clone C1 and 100 embryos of clone C2) were collected and
echorionated using 50% bleach solution. Embryos were washed in
H2O, transferred to an Eppendorf tube, and dounced in 500 ml of
RIPA buffer (150 mM NaCl; 50 mM Tris, pH 8.0; 1% NP-40; 0.5%
deoxycholic acid; 0.1% SDS) supplemented with a protease inhib-
itor cocktail (Boehringer Mannheim). Lysates were spun at 14,000
rpm for 20 min and the supernatant was stored at 220°C until use.
Samples were immunoblotted as above using the anti-Armadillo
antibody 7A1 (Developmental Hybridoma Bank,).
In Vitro Binding Assays
Generation of recombinant GST fusion proteins containing theN-terminus (corresponding to amino acids 1–81) (GST-N) and the
Copyright © 2000 by Academic Press. All righthydrophilic loop region (amino acids 267–407) (GST-L) has been
described previously (Zhou et al., 1997). Wild-type Drosophila
embryos (0–3 h) were homogenized in lysis buffer (1% NP-40; 50
mM Tris, pH 7.6; 150 mM NaCl; 2 mM EDTA; 1 mM PMSF;
Complete protease inhibitors) and the lysate was stored at 280°C
until use. Pulldown assays were carried out as described previously
(Zhou et al., 1997).
The TnT-coupled transcription/translation reticulocyte lysate
system (Promega) was used to translate [35S]methionine-labeled
proteins in vitro. Translated products were mixed together in in
vitro binding (IVB) buffer (10 mM Tris–HCl pH 8.0; 150 mM
NaCl; 5 mM EDTA; 0.2% NP-40; 1 mM DTT; 1 mM PMSF;
Complete protease inhibitors) and precleared with protein
G–Sepharose beads for 1 h at 4°C. After centrifugation, the
corresponding antibody was added to the supernatants and
incubated at 4°C for an additional 1 h. Immunoprecipitates were
washed four times with IVB buffer, resuspended in Laemmli
buffer, and separated by SDS–PAGE. Gels were treated with
Amplify (Amersham), dried, and exposed.
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